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ABSTRACT
The escape fraction, fesc, of ionizing photons from early galaxies is a crucial
parameter for determining whether the observed galaxies at z ≥ 6 are able to
reionize the high-redshift intergalactic medium. Previous attempts to measure
fesc have found a wide range of values, varying from less than 0.01 to nearly
1. Rather than finding a single value of fesc, we clarify through modeling how
internal properties of galaxies affect fesc through the density and distribution
of neutral hydrogen within the galaxy, along with the rate of ionizing photons
production. We find that the escape fraction depends sensitively on the covering
factor of clumps, along with the density of the clumped and interclump medium.
One must therefore be cautious when dealing with an inhomogeneous medium.
Fewer, high-density clumps lead to a greater escape fraction than more numerous
low-density clumps. When more ionizing photons are produced in a starburst, fesc
increases, as photons escape more readily from the gas layers. Large variations in
the predicted escape fraction, caused by differences in the hydrogen distribution,
may explain the large observed differences in fesc among galaxies. Values of fesc
must also be consistent with the reionization history. High-mass galaxies alone
are unable to reionize the universe, because fesc > 1 would be required. Small
galaxies are needed to achieve reionization, with greater mean escape fraction in
the past.
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1. INTRODUCTION
Observations of the cosmic microwave background optical depth made with the Wilkin-
son Microwave Anisotropy Probe (WMAP) (Kogut et al. 2003; Spergel et al. 2003; Page et al.
2007; Spergel et al. 2007; Dunkley et al. 2009; Komatsu et al. 2009, 2010) suggest that the
universe was reionized sometime between 6 < z < 12. Because massive stars are efficient
producers of ultraviolet photons, they are the most likely candidates for the majority of
reionization. However, in order for early star-forming galaxies to reionize the universe, their
ionizing radiation must be able to escape from the halos, in which neutral hydrogen (H I) is
the dominant source of Lyman continuum (LyC) opacity. The escape fraction, fesc, of ioniz-
ing photons is a key parameter for starburst galaxies at z > 6, which are believed to produce
the bulk of the photons that reionize the universe (Robertson et al. 2010; Trenti et al. 2010;
Bouwens et al. 2010).
The predicted values of escape fraction span a large range from 0.01 . fesc < 1, derived
from a variety of theoretical and observational studies of varying complexity. Various proper-
ties of the host galaxy, its stars, or its environment are thought to affect the number of ioniz-
ing photons that escape into the intergalactic medium (IGM). For example, Ricotti & Shull
(2000) studied fesc in spherical halos using a Stro¨mgren approach. Wood & Loeb (2000)
assumed an isothermal, exponential disk galaxy and followed an ionization front through the
galaxy using three-dimensional Monte Carlo radiative transfer. Both Wood & Loeb (2000)
and Ricotti & Shull (2000) state that fesc varies greatly, from < 0.01 to 1, depending on
galaxy mass, with larger galaxies giving smaller values of fesc. A similar dependence with
galaxy mass is also seen by the simulations of Yajima et al. (2010), because larger galaxies
tend to have star formation buried within dense hydrogen clouds, while smaller galaxies often
had clearer paths for escaping ionizing radiation. Gnedin et al. (2008), on the other hand,
ran a high resolution N-body simulation with adaptive-mesh refinement in a cosmological
context. Contrary to Ricotti & Shull (2000), Wood & Loeb (2000) and Yajima et al. (2010),
they state that lower-mass galaxies have significantly smaller fesc, as the result of a declining
star formation rate. In addition, above a critical halo mass, fesc does not change by much.
The model of Gnedin et al. (2008) allowed for the star formation rate to increase with the
mass of the galaxy at a higher rate than a linear proportionality would allow. The larger
galaxies also tended to have star formation occurring in the outskirts of the galaxy, which
made it easier for ionizing photons to escape. Their model included a distribution of gas
within the galaxy, which created free sight-lines out of the galaxy. Wise & Cen (2009) used
adaptive mesh hydrodynamical simulations on dwarf galaxies. Even though their simula-
tions covered a different mass range than the larger galaxies studied by Gnedin et al. (2008),
they found much higher value of fesc than would be expected from extrapolating results
from Gnedin et al. (2008) to lower masses. Wise & Cen (2009) attribute this difference to
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the irregular morphology of their dwarf galaxies with a turbulent and clumpy interstellar
medium (ISM), allowing for large values of fesc.
Others have also looked at how the shape and morphology of the galaxy can affect fesc.
Dove & Shull (1994), using a Stro¨mgren model, studied how fesc varies with various H I disk
density distributions. In addition, many authors have found that superbubbles and shells
can trap radiation until blowout, seen in analytical models of Dove et al. (2000) as well as in
hydrodynamical simulations of Fujita et al. (2003). The analytical model by Clark & Oey
(2002) showed that high star formation rates can raise the porosity of the ISM and thereby
increase fesc. In addition to bubbles and structure caused from supernovae, galaxies can
have a clumpy ISM whose inhomogeneities affect fesc. For example, dense clumps could
reduce fesc (Dove et al. 2000). On the other hand, Boisse´ (1990), Hobson & Scheuer (1993),
Witt & Gordon (1996), and Wood & Loeb (2000) all found that clumps in a randomly dis-
tributed medium cause fesc to rise, while Ciardi et al. (2002) found that the effects of clumps
depend on the ionization rate.
A host of other galaxy parameters have been tested analytically and with simulations.
Increasing the baryon mass fraction lowers fesc for smaller halos, but increases it at masses
greater than 108 M⊙ (Wise & Cen 2009). Star formation history changes the amount of
ionizing photons and neutral hydrogen, causing fesc to vary from 0.12 to 0.20 for coeval star
formation and from 0.04 to 0.10 for a time-distributed starburst (Dove et al. 2000). Other
galactic quantities, such as spin (Wise & Cen 2009) or dust content (Gnedin et al. 2008), do
not seem to affect the escape fraction.
Observations have also been used to constrain fesc, especially at z . 3. Searches for
escaping Lyman continuum radiation at redshifts z . 1−2 have found escape fractions of at
most a few percent (Bland-Hawthorn & Maloney 2002; Bridge et al. 2010; Cowie et al. 2009;
Tumlinson et al. 1999; Deharveng, et al. 2001; Grimes et al. 2007, 2009; Heckman et al. 2001;
Leitherer et al. 1995; Malkan, et al. 2003; Siana, et al. 2007). Hurwitz et al. (1997) saw large
variations in the escape fraction, and Hoopes et al. (2007) and Bergvall et al. (2006) saw a
relatively high escape fraction of 10%. Ferguson (2001) observed fesc ≈ 0.2 at z ≈ 1.
Hanish et al. (2010) do not see a difference in fesc between starbursts and normal galaxies.
Siana et al. (2010) also found low escape fractions at z ≈ 1.3 and showed that no more than
8% of galaxies at this redshift can have fesc,rel > 0.5. Note that fesc,rel, which the authors use
to compare their results to other surveys, is defined as the ratio of escaping LyC photons
to escaping 1500 A˚ photons. In our own Galaxy, Bland-Hawthorn & Maloney (1999) and
Putman et al. (2003) found an escape fraction of only a few percent. Observations using γ-
ray bursts (Chen et al. 2007) show fesc ≈ 0.02 at z ≈ 2. At higher redshift (z ≈ 3), fesc seems
to vary drastically from galaxy to galaxy (Shapley et al. 2006; Iwata 2009; Vanzella et al.
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2010b), with a few galaxies having very large escape fractions. Some studies have found
low values of the escape fraction at z ≈ 3 (Fernandez-Soto et al. 2003; Giallongo, et al.
2002; Heckman et al. 2001; Inoue et al. 2005; Wyithe et al. 2010), while others have found
significant LyC leakage (Steidel et al. 2002; Shapley et al. 2006). This large variation from
galaxy to galaxy suggests a dependence on viewing angle and could indicate the patchiness
and structure of neutral hydrogen within the galaxy (Bergvall et al. 2006; Deharveng, et al.
2001; Grimes et al. 2007; Heckman et al. 2001). From these observations, one infers that the
fundamental properties of the galaxies change with time or that fesc increases with increas-
ing redshift (Bridge et al. 2010; Cowie et al. 2009; Inoue et al. 2006; Iwata 2009; Siana, et al.
2007). Bouwens et al. (2010) looked at the blue color of high redshift (z ≈ 7) galaxies and
argued that the nebular component must be reduced. This would suggest a much larger
escape fraction in the past.
The minimum mass of galaxy formation can also put limitations on fesc. Observations of
Lyα absorption toward high-redshift quasars, combined with the UV luminosity function of
galaxies, can limit fesc from a redshift of 5.5 to 6, with fesc ∼ 0.20–0.45 if the halos producing
these photons are larger than 1010M⊙. This can decrease to fesc ∼ 0.05–0.1 if halos down to
108 M⊙ are included as sources of escaping ionizing photons (Srbinovsky & Wyithe 2008).
It is clear that many factors can affect fesc, and the problem is quite complicated. Cos-
mological simulations that predict the escape fraction provide a more accurate estimate for
fesc. However, many parameters of the galaxy change at once, and it becomes difficult to
understand how a single parameter can affect the escape fraction. In addition, trends may
be difficult to understand because of the manner in which some physical processes are in-
cluded or neglected. Analytic models can show clearer trends, even though they may be
over-simplified and miss important physics. Therefore, rather than predicting a quantitative
value for fesc, we seek to understand how properties of galaxies and their internal structure
affect the escape fraction. Because our model is simplified, the values of fesc are not exact,
but rather illustrate trends caused by various galactic properties. In section 2, we explain
our method of tracing photons that escape the galaxy. In section 3, we explain our results
and compare our results to previous literature in section 4. In section 5, we consider con-
straints from reionization and we conclude in section 6. Throughout, we use the cosmological
parameters from WMAP-7 (Komatsu et al. 2010).
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2. METHODOLOGY
2.1. Properties of the Galaxy
We use an exponential hyperbolic secant profile (Spitzer 1942) to describe the density
of an isothermal disk in a halo of mass Mhalo:
nH(Z) = n0 exp[−r/rh] sech2
(
Z
z0
)
, (1)
(Spitzer 1942) where n0 is the number density of hydrogen at the center of the galaxy, Z is
the height above the galaxy mid-plane, and rh is the scale radius:
rh =
jdλ√
2md
rvir (2)
(Mo et al. 1998). The parameter jd is the fraction of the halo’s angular momentum in the
disk, λ is the spin parameter, md is the fraction of the halo in the disk (md = Ωb/Ωm), and
rvir is the virial radius. As in Wood & Loeb (2000), we assume jd/md = 1 and λ = 0.05.
The virial radius is
rvir = (0.76kpc)
(
Mhalo
108M⊙h−1
)1/3(
Ωm
Ω(zf )
∆c
200
)−1/3(
1 + zf
10
)−1
h−1 , (3)
(Navarro et al. 1997) where ∆c = 18pi
2 + 82d− 39d2 and d = Ωzf − 1. Ωzf is the local value
of Ωm at the redshift of galaxy formation, zf . The dependence of the virial radius on zf will
affect the density of the disk, with smaller disks of higher density forming earlier. The disk
scale height, z0, is given by
z0 =
( 〈v2〉
2piGρ0
)1/2
=
(
Mhalo
2piρ0rvir
)1/2
, (4)
where 〈v2〉 is the mean square of the velocity and ρ0 is the central density. In a real galaxy,
there will be non-thermal motions of the gas. However, to simplify the calculations, we
assume that the gas is virialized, feels the gravity of the disk, and therefore follows the
relation 〈v2〉 = GMhalo/rvir. However, radiative cooling can cause the disk to be thinner
than this. The central density is solved for in a self-consistent way after the halo mass and
the redshift of formation are specified. We use 15rh and 2z0 as the limits of the radius and
height of the disk, respectively. The structure of real galaxies is more complicated. The
addition of stars in the halo will change the gas distribution through feedback, heating, and
gravitational effects. For purposes of simplicity, we ignore these effects.
The mass of the disk (stars and gas) is taken as Mdisk = mdMhalo, where md is the
fraction of matter that is incorporated into the disk. The upper limit of md is Ωb/Ωm. The
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mass of the stars within the disk is M∗ = Mdiskf∗, where f∗ is the star formation efficiency,
which describes the fraction of baryons that form into stars.1 The remainder of the mass of
the disk is in gas, distributed according to equation 1 with gas temperature of 104 K.
The number of ionizing photons is related to f∗, considering either Population III (metal-
free) or Population II (metal-poor, Z = 0.02Z⊙) stars. The total number of ionizing photons
per second from the entire stellar population, Qpop is
Qpop =
∫ m2
m1
QH(m)f(m)dm∫ m2
m1
mf(m)dm
×M∗ , (5)
where m is the mass of the star, and m1 and m2 are the upper and lower mass limits of the
mass spectrum, given by f(m). For a less massive distribution of stars, we use the Salpeter
initial mass spectrum (Salpeter 1955):
f(m) ∝ m−2.35, (6)
with m1 = 0.4 M⊙ and m2 = 150 M⊙. The Larson initial mass spectrum illustrates a case
with heavier stars (Larson 1998):
f(m) ∝ m−1
(
1 +
m
mc
)−1.35
, (7)
with m1 = 1M⊙, m2 = 500M⊙, and mc = 250M⊙ for Population III stars and m1 = 1M⊙,
m2 = 150 M⊙, and mc = 50 M⊙ for Population II stars. We define QH as the number
of ionizing photons emitted per second per star, averaged over the star’s lifetime. For
Population III stars of mass parameter x ≡ log10(m/M⊙), this is
log10
[
QH/s
−1
]
=


43.61 + 4.90x− 0.83x2 9− 500 M⊙ ,
39.29 + 8.55x 5− 9 M⊙ ,
0 otherwise ,
(8)
and for Population II stars,
log10
[
QH/s
−1
]
=
{
27.80 + 30.68x− 14.80x2 + 2.50x3 ≥ 5M⊙
0 otherwise ,
(9)
as given in Table 6 of Schaerer (2002).
1The star formation efficiency is defined by the fraction of baryons in stars at any given time. Therefore,
the escape fraction calculated is the escape fraction at that point in the galaxy’s lifetime. The total escape
fraction of the galaxy will depend on the lifetime of the burst and the star formation history, which can be
obtained by integrating f∗ over the duration of the burst, taking into account the propagation of the ionizing
front within the galaxy.
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2.2. Calculating the Escape Fraction
We place the stars at the center of the galaxy. An ionized H II region develops around
the stars, where the number of ionizing photons emitted per second by the stellar population,
Qpop, is balanced by recombinations, such that
Qpop =
4
3
pir3sn
2
HαB(T ). (10)
Here, αB is the case-B recombination rate coefficient of hydrogen and T is the temperature
of the gas (we assume T = 104K). The radius of this H II region, called the Stro¨mgren
radius, is
rs =
(
3Qpop
4pin2HαB
)1/3
. (11)
This radius is simple to evaluate in the case of a uniform medium, but if we are concerned
with clumps and a disk with a density profile, the density will be changing with location.
Although we are calculating fesc at a moment in time, in reality the H II region is not static,
and the ionization front will propagate at a flux-limited speed.
We assume that all stars are placed at the center of the galaxy. In reality, star formation
will be distributed throughout the galaxy. If stars are closer to the edge of the galaxy, their
photons will have less hydrogen to traverse, and hence will escape more easily. Therefore,
the results we present will be lower limits of the escape fraction. We integrate along the
path length that a photon takes in order to escape the galaxy, following the formalism in
Dove & Shull (1994). We can then calculate the escape fraction of ionizing photons along
each ray emanating from the center of the galaxy by equating the number of ionizing photons
to the number of hydrogen atoms across its path. If there are more photons than hydrogen
atoms, the ray can break out of the disk; otherwise, no photons escape and the escape fraction
is zero. The escape fraction along a path, η, thus depends on the amount of hydrogen the
ray transverses, which depends on its angle θ, measured from the axis perpendicular to the
disk:
η(θ) = 1− 4piαB
Qpop
∫
∞
0
n2H(Z)r
2dr . (12)
Photons are more likely to escape out of the top and bottom of the disk, rather than the
sides, because there is less path length to traverse. This creates a critical angle, beyond
which photons no longer will escape the galaxy. The total escape fraction, fesc, is then found
by integrating over all angles θ and the solid angle Ω:
fesc(Qpop) =
∫ ∫
η(θ)
4pi
dθdΩ (13)
=
∫
1
2
η(θ) sin(θ) dθ . (14)
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We take into account the whole disk (top and bottom) so that an fesc of 1 means that all
photons produced are escaping into the IGM.
2.3. Adding Clumps
A medium with clumps can be described with the density contrast C = nc/nic between
the clumps (density nc), and the interclump medium (density nic). The percentage of volume
taken up by the clumps is described by the volume filling factor fV . We randomly distribute
clumps throughout the galaxy. We define nmean as the density the medium would have if it
was not clumpy, given by equation 1. The density at each point is given by
nc =
nmean
fV + (1− fV )/C (15)
if the point is in a clump and
nic =
nmean
fV (C − 1) + 1 (16)
if the point is not in a clump, similar to (Wood & Loeb 2000). In this way, the galaxy
retains the same interstellar gas mass, independent of fV and C. As C increases, the density
of the clumps increases as the density of the non-clumped medium falls. Similarly, if fV is
larger, more of the medium is contained in less dense clumps. We trace photons on their
path through the galaxy and track whether or not they encounter a clump. At each step on
the path out of the galaxy, a random number is generated. A clump exists if this random
number is less than the volume filling factor. As the filling factor increases, clumps can
merge, forming larger, arbitrarily shaped clumps. Counting the number of photons exiting
the galaxy then leads to fesc. The covering factor is computed by counting how many clumps
intersect a ray as it travels out of the galaxy.
3. RESULTS
3.1. Properties of the Clumps
In the first calculations, we placed Population III stars with a Larson mass spectrum
and a star formation efficiency f∗ = 0.5 in a halo of Mhalo = 10
9M⊙, with a redshift of
formation of zf = 10. The clumps have diameter 10
17 cm, unless otherwise stated. The
top panel of Figure 1 shows fesc as a function of fV for various values of C. The case with
no clumps is equivalent to C = 1. As clumps are introduced, fesc quickly falls, but rises
again as fV rises. This is because the clumps become less dense (since more of the medium
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is in clumps and the mass of the galaxy must be kept constant). In addition, fesc drops as
C increases, showing that denser clumps with a less dense interclump medium stops more
ionizing radiation than a more evenly distributed medium. The clumps are small enough
that essentially every ray traversing the galaxy encounters one of these very dense clumps
and is diminished.
In the bottom panel of Figure 1, the same population of stars is shown for various values
of fV as a function of log(C). As C increases, fesc becomes low for small values of fV . Again,
this is because of a few very dense clumps that stop essentially all radiation. As fV increases,
more of the medium is in clumps, and therefore the density of the clumps decreases. The
combined effect is an increase of fesc. The solid black line shows the case with no clumps, or
when fV = 0. For fV = 0, fesc equals the case with no clumps (C = 1), as it should. Above
C ∼ 10− 100, increasing C no longer affects fesc.
So far, we have only been exploring the results of small clumps (1017 cm, or ∼ 0.3 pc) in
diameter. What would happen if we were to increase the size of these clumps? In this case,
a ray would traverse fewer clumps as it travels out of the galaxy (the covering factor will
fall), but any given clump would be larger. As shown in Figure 2, fesc rises as the clumps
increase in size. For very low values of fV , only a few clumps exist and not every ray comes
in contact with a clump, increasing the escape fraction above the case with no clumps.
To illustrate this further, Figure 3 shows fesc against fV for a large clump size (10
19 cm
in diameter). In the top panel, C is varied for md = 0.01 and md = 0.17. The left-most
vertical line represents the value of fV needed for a photon traversing the longest path length
to pass through an average of one clump for both md = 0.01 and md = 0.17. The right-most
vertical solid line represents the value of fV for a photon traversing the shortest path length
to pass through an average of one clump for md = 0.17, while the dashed line is the shortest
path for md = 0.01. To the right of these lines, all path lengths intersect a clump. In other
words, here the covering factor is greater than one. To the left of these lines, there are
clump-free path lengths out of the galaxy. For md = 0.17, we see that if fV is low enough
some rays will pass through fewer than one clump, on average, fesc is much greater than
the no-clump case. For very low values of fV , there are so few clumps that the interclump
medium approaches the case with no clumps. Therefore, the plot of fesc is peaked in the
region where there are some paths that do not intersect a clump. These results are averaged
over ten runs, while Figure 4 shows the distribution for each run.
The bottom panel of Figure 3 shows fesc for various values of md. As md increases, the
disk is less massive, and the escape fraction for a non-clumped galaxy rises. For md = 0.01,
the escape fraction of a non-clumped galaxy is ∼ 1. In this case, once clumps are added, the
escape fraction decreases because regions dense enough to stop ionizing radiation are finally
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introduced. When the covering factor is greater than one, the clumps grow less dense,
causing the escape fraction to rise again. For all other cases, fesc peaks when the covering
factor is less than one, and falls below the escape fraction for the non-clumped case when
the covering factor is greater than one.
Star formation is more likely to take place in clumps. Star formation will also have
an effect on gas clumping produced by stellar winds and supernova shells. Because of this,
clumps are likely to be distributed around locations of star formation. To analyze this effect,
we have defined a region 100 pc from the center of star formation in the galaxy. Inside
this region, the volume filling factor is fV,near, and outside of this region, the volume filling
factor is fV,far. For a case where clumps are only located near to the star formation center,
fV,far = 0. If fV,far < fV,near, there are fewer clumps in the outer portions of the galaxy than
near the star formation center.
Results are shown in Figure 5. The black solid line shows the case with no clumps, where
fV = 0 throughout, and the red triple-dot dashed line represents the case where fV = 0.3
throughout. For the case where fV,near = 0.3 and fV,far = 0, clumps are only near stars. This
results in a higher escape fraction than if the entire galaxy had fV = 0.3. When there are
some clumps far from star formation, in the case where fV,near = 0.3 and fV,far = 0.1, the
escape fraction falls below the case where if the entire galaxy had fV = 0.3. This is a result
of clumps becoming more dense as fV increases.
We have chosen a 100 pc radius of the region near to the star formation. If this region is
much larger, ∼ 1 kpc, the escape fraction will be equal to the case fV = fV,near, where fV is
the volume filling factor if the galaxy has the same value throughout. If the region is much
smaller, ∼ 10 pc, the escape fraction will be equal to the case where fV = fV,far. Overall,
the distribution of clumps does not change the escape fraction significantly.
3.2. Properties of Stars and the Galaxy
In Figure 6, we analyze how the stellar population affects the escape fraction. In the
top panel, f∗ is held constant as fV increases. In the bottom panel, fV is held constant as
f∗ increases. Both plots show metal-free (Population III) stars and metal-poor (Population
II) stars, as well as stars with a heavy Larson initial mass spectrum and a light Salpeter
initial mass spectrum. In both cases, fesc is proportional to the number of ionizing photons
that are emitted by the stars, with heavier stars or stars with fewer metals more likely to
produce photons that can escape the nebula. This is because when more ionizing photons
are produced, the critical angle where photons can break free from the halo increases, and
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hence more photons escape. When the galaxy forms more stars (higher f∗), there is the
added effect of less hydrogen remaining in the galaxy to absorb ionizing photons. Therefore,
fesc increases greatly as f∗ increases.
The star formation redshift, zf , is varied in Figure 7. As zf increases, the galaxy is
smaller and more concentrated. Therefore, it is easiest for photons to escape from less
dense disks at low redshifts. At redshifts where we expect reionization to take place, it is
harder for photons to escape the galaxy. This problem may be remedied by the high-redshift
expectation of more massive or metal-free stars with higher values of f∗.
4. COMPARISON TO PREVIOUS LITERATURE
As noted in the introduction, there have been many previous studies that calculated the
number of ionizing photons emitted from high redshift halos, resulting in a wide range of
values for the escape fraction. Various factors are proposed that affect the number of ionizing
photons that escape into the IGM, in particular the effects of a clumpy ISM. Boisse´ (1990)
and Witt & Gordon (1996) found that clumps increase transmission, and Hobson & Scheuer
(1993) found that a three-phase medium (clumps grouped together, rather than randomly
distributed) further increases transmission. Very dense clumps (with C = 106) were studied
by Wood & Loeb (2000), who found that clumps increase fesc over the case with no clumps.
For very small values of fV , their fesc was very high, because most of the density is in a few
very dense clumps, and most lines of sight do not encounter a clump. Their clump size is
13.2 pc, which is similar to our largest clump size, 5× 1019 cm. Their results are consistent
with our findings for clumps with large radius, low fV , and high C, where most rays do not
encounter a clump.
Ciardi et al. (2002) included the effect of clumps using a fractal distribution of the ISM
with C = 4−8. They noted that this distribution of clumps increases fesc in cases with lower
ionization rate because there are clearer sight lines. They found that fesc is more sensitive
to the gas distribution than to the stellar distribution.
Dove et al. (2000) reported that fesc decreases as clumps are added. This results from
the fact that adding clumps does not change the density of the interclump medium. In their
model, as clumps are added, the mass of hydrogen in the galaxy increases. On the other
hand, our current method decreases the density of the interclump medium as clumps are
added or become denser to keep the overall mass of the galaxy constant. Photons are more
likely to escape along paths with lower density, as in irregular galaxies and along certain lines
of sight (Gnedin et al. 2008; Wise & Cen 2009). Shells, such as those created by supernova
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remnants (SNRs), can trap ionizing photons until the bubble blows out of the disk, allowing
photons a clear path to escape and causing fesc to rise (Dove & Shull 1994; Dove et al. 2000;
Fujita et al. 2003). These SNRs or superbubbles create porosity in the ISM, and above a
critical star formation rate, fesc rises (Clark & Oey 2002). This is similar to what is seen in
our results. As with a dense clump, a shell will essentially stop all radiation, while a clear
path, similar to the case with a low fV , allows many free paths along which radiation can
escape. Our model extends the previous work by enlarging the parameter space. We see
how low values of fV , changing the clump size, and location of the clumps affect the results.
This heavy dependence on how the clumping can affect the escape fraction can explain why
such a variation is seen in observations in the escape fraction from galaxy to galaxy.
Previous work differs as to whether or not fesc increases or decreases with redshift.
Ricotti & Shull (2000) state that fesc decreases with increasing redshift for a fixed halo
mass, but is consistent with higher escape fraction from dwarf galaxies. This assumes that
the star formation efficiency is proportional to the baryonic content in a galaxy. However,
other studies seem to indicate that fesc increases with redshift. High resolution simulations
of Razoumov & Sommer-Larsen (2006) state that fesc increases with redshift from z = 2.39
(where fesc = 0.01–0.02) to z = 3.8 (where fesc = 0.06–0.1). This is a result of higher gas
clumping and lower star formation rates at lower redshifts, causing the escape fraction to fall.
At higher redshifts, the simulations of Razoumov & Sommer-Larsen (2010) see this trend
continue, with an fesc ≈ 0.8 at z ≈ 10.4 that declines with time. This trend has also been
seen observationally from 0 < z < 7 (Bridge et al. 2010; Cowie et al. 2009; Inoue et al. 2006;
Iwata 2009; Siana, et al. 2007; Bouwens et al. 2010). (However, Vanzella et al. (2010a) point
out that observational measurements of the escape fraction can be contaminated by lower
redshift interlopers.) Other simulations have given different results. Gnedin et al. (2008)
say that fesc changes little from 3 < z < 9, always being about 0.01–0.03. This difference
could possibly be attributed to how the models deal with star formation efficiencies within
galaxies. Wood & Loeb (2000) state that since disk density increases with redshift, fesc will
fall as the formation redshift increases, ranging from fesc = 0.01–1. We found that fesc
decreases with increasing redshift of formation, since disks are more dense. However, this
assumes that the types of stars and f∗ remain constant. If f∗ is larger at higher redshifts
and if stars are more massive and have a lower metallicity (likely), the number of ionizing
photons should increase, which could cause fesc to increase, despite a denser disk. It is also
possible that the disk morphology does not exist at high redshifts. Therefore, in order to
understand the evolution of fesc with redshift, one must understand the evolution of other
properties, namely, f∗, Qpop, and the density distribution of gas within a galaxy.
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5. CONSTRAINTS FROM REIONIZATION
If galaxies are responsible for keeping the universe reionized, there must be a minimum
number of photons that can escape these galaxies to be consistent with reionization. The
star formation rate (ρ˙) that corresponds to a star formation efficiency f∗ is given by:
ρ˙(z) = 0.536 M⊙ yr
−1 Mpc−3
(
f∗
0.1
Ωbh
2
0.02
)(
Ωmh
2
0.14
)1/2(
1 + z
10
)3/2
ymin(z)e
−y2
min
(z)/2 (17)
(Fernandez & Komatsu 2006), assuming a Press-Schechter mass function (Press & Schechter
1974), with
ymin(z) ≡ δc
σ[Mmin(z)]D(z)
. (18)
Here, δc is the overdensity, σ(M) is the present-day rms amplitude of mass fluctuations, and
Mmin is the minimum mass of halos that create stars.
Similarly, the fesc needed to reionize the universe can be related to the critical star formation
rate, ρ˙crit, needed to keep the universe ionized:
ρ˙crit(z) = (0.012M⊙ yr
−1 Mpc−3 )
[
1 + z
8
]3 [
CH/5
fesc/0.5
] [
0.004
QLyC
]
T−0.8454 (19)
(Madau et al. 1999; Shull & Trenti 2010), which results from the number of photoionizations
needed to balance recombinations to keep the universe ionized at z = 7. Here, CH is the
clumping of the IGM (which we scale to a typical value of CH = 5), T4 is the temperature of
the IGM in units of 104 K, and QLyC is the conversion factor from ρ˙(z) to the total number
of Lyman continuum photons produced per M⊙ of star formation,
QLyC ≡ NLyC/10
63
ρ˙crittrec
, (20)
where NLyC is the number of Lyman continuum (LyC) photons produced by a star and trec
is the hydrogen recombination timescale. We assume that QLyC = 0.004, which is reasonable
for a low-metallicity stellar population.
By requiring the star formation rate to be at least as large as the critical value, we can
solve for the value of fesc needed to reionize the universe. Results are shown in the top panel
of Figure 8 plotted at two redshifts, z = 7 and z = 10. We also consider stars forming in
galaxies down to a minimum mass
Mmin = (10
8 M⊙)
[
(1 + z)
10
]−1.5
, (21)
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(Barkana & Loeb 2001), or if smaller halos are suppressed and only those above 109M⊙
are forming stars. If the required fesc exceeds 1 (shown by the dashed line), the given
population cannot reionize the universe. As redshift decreases, it becomes much easier to
keep the universe reionized, and a smaller fesc is needed, as expected.
At higher redshifts, it is harder for stars to keep the IGM ionized because the gas density
is higher and there are fewer massive halos forming stars. If small halos are suppressed, the
remaining high-mass halos have a much harder time keeping the universe ionized. It is
interesting to note that the universe cannot be reionized at z = 8 − 10 if only larger halos
(Mh > 10
9M⊙) are producing ionizing photons that escape into the IGM. At z = 9, f∗ must
always be above 0.1 for all cases shown in order for the universe to be reionized. At z = 7, f∗
can be very low. Alternately, one can set equations 17 and 19 equal and constrain directly
the value of fescf∗QLyC/CIGM . Any values greater than this would be able to reionize the
universe. This is shown in the bottom panel of Figure 8.
Observations of high redshift galaxies at z = 7−10 (Robertson et al. 2010; Bouwens et al.
2010) show that currently observed galaxies, along with an escape fraction that is compatible
with lower redshift observations (fesc ≈ 0.2), are not able to reionize the universe. Therefore,
the faint end slope of the luminosity function must be very steep to create a greater contribu-
tion to reionization from high-redshift small galaxies, the escape fraction at high redshifts was
probably much higher, the IMF was top heavy and made of low metallicity stars, and/or the
clumping factor of the IGM was low (Bunker et al. 2004, 2010; Gneiden 2008; Gonzalez et al.
1010; Lehnert & Bremer 2003; McLure et al. 2010; Oesch et al. 2010a,b; Ouchi et al. 2009;
Richard et al. 2008; Stiavelli, Fall, & Panagia 2004; Yan & Windhorst 2004). In addition,
observations of Lyα absorption toward quasars and the UV luminosity function suggest that
fesc is allowed to be much lower if low-mass galaxies are allowed to be sources of ionizing
photons (Srbinovsky & Wyithe 2008). This is consistent with our findings; small galaxies
need to be included and their star formation not suppressed to permit fesc to be sufficiently
high to ionize the universe. Low values of fesc, consistent with the low redshift universe,
would require high, and in some cases unreasonably high, values of f∗. Therefore, the escape
fraction was almost certainly higher in the past than it is today.
6. CONCLUSIONS
We have explored how the internal properties of galaxies can affect the amount of
escaping ionizing radiation. The properties of clumps within the galaxy have the strongest
effect on fesc. When the covering factor is much less than one, only a few, dense clumps
exist. These clumps only stop a small fraction of the ionizing radiation, and therefore, the
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escape fraction will be large. As the covering factor increases to one, the escape fraction will
fall, eventually to become smaller than the case with a non-clumped galaxy. (The exception
to this is if the non-clumped galaxy has an escape fraction of about one. In this case the
addition of clumps will only cause the escape fraction to fall around a covering factor of one.)
This indicates that the escape fraction is very sensitive to the way the ISM is distributed,
causing the escape fraction to vary from 1 to 0 in some cases.
The escape fraction depends on the star formation efficiency and the population of stars
formed at the center of the galaxy. As the number of ionizing photons increases, the critical
angle at which photons can escape the galaxy will also increase, which will have a direct
effect on the escape fraction. Since disks were more likely more dense at higher redshifts,
the escape fractions will be lower, unless a change in the star formation efficiency or stellar
population would increase the number of ionizing photons. Therefore, the escape fraction
depends directly on the number of ionizing photons and the distribution of hydrogen. These
variations can be extreme and can help to explain why some observations see large differences
in the escape fraction from galaxy to galaxy. Other factors, such as the mass of the galaxy
and the redshift, affect the escape fraction indirectly (as the number of ionizing photons and
distribution of hydrogen will change with mass or redshift).
At high redshifts, small galaxies are probably needed to help complete reionization,
consistent with recent observations. In addition, low values of the escape fraction, fesc ≈ 0.02,
similar to what is seen at low redshifts, are probably insufficient to allow reionization to be
completed. Otherwise, they would require very high values of the star formation efficiency.
We acknowledge support from the University of Colorado Astrophysical Theory Program
through grants from NASA (NNX07AG77G) and NSF (AST07-07474).
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Fig. 1.— Escape fraction of ionizing photons out of the disk as a function of the clump
volume filling factor fV for various values of the clumping factor C (top panel) and log(C)
for various values of fV (bottom panel). Shown for a 10
9M⊙ halo at zf = 10, with f∗ = 0.5
and Population III stars with a Larson mass spectrum. The fraction of matter incorporated
into the disk, md, scales with the escape fraction.
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Fig. 2.— Effect of large clumps on escape fraction: fesc out of the disk is shown for a galaxy
in a 109M⊙ halo, with zf = 10, f∗ = 0.1, and a Pop III Larson initial mass spectrum, with
md = 0.17. If the clumps are very large and fV is very low, there are cases where fesc is
larger than the no-clump case. In the top left corner, the results are averaged over ten runs
to reduce noise. In the remaining three panels, the distributions are shown for each run. In
each case, the black points represent a case with no clumps. Galaxy properties are the same
as in Figure 1.
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Fig. 3.— Top: The fesc out of the disk is shown for a galaxy in a 10
9M⊙ halo, with
zf = 10, f∗ = 0.1, and a Population III Larson initial mass spectrum. The left-most
solid vertical line represents the value of the volume filling factor fV needed for a photon
transversing the longest path length to pass through an average of one clump for a galaxy
with md = 0.17, while the right-most solid vertical line represents the value of fV needed for
a photon transversing the shortest path length to pass through an average of one clump for
a galaxy with md = 0.17. Therefore, to the right of this line, the covering factor is greater
than one, and all path lengths intersect a clump, while to the left, there are clump-free path
lengths out of the galaxy. For a galaxy with md = 0.01 the dashed vertical line represents
the value of fV needed for a photon transversing the shortest path length to pass through an
average of one clump for a galaxy. The value of fV needed for a photon traversing the longest
path overlaps with the case where md = 0.17, because as md changes, the scale height of the
galaxy changes, but the radius remains the same. Bottom: The dependence on the escape
fraction as md is varied. The same population is shown, with C = 1 for the solid lines and
C = 1000 for the dashed lines. The results are averaged over ten runs to reduce noise.
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Fig. 4.— Distribution of fesc for each run shown in the top panel of Figure 3, with md = 0.17
in the top panel and md = 0.01 in the bottom panel.
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Fig. 5.— Escape fraction when clumps are distributed inhomogeneously throughout the
galaxy. Two regions are defined, the region within 100 pc of star formation, which has a
volume filling factor of fV,near, and the region outside of this, where the volume filling factor
is fV,far. Shown for a 10
9M⊙ halo at zf = 10, with f∗ = 0.5 and Pop III stars with a Larson
mass spectrum and md = 0.17. Clumps are 10
17 pc across. Please see the electronic edition
for a color version of this plot.
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Fig. 6.— The fesc for the disk is shown for stars of varied masses and metallicities and various
values of fV with f∗ = 0.5 (top panel) and various values of f∗ for fV = 0.1 (bottom panel).
Very high values of f∗ (0.9) approach a case in which all ionizing photons are escaping. Both
are shown for a 109M⊙ halo at zf = 10. In each case, the highest line is for Population
III Larson, followed by Population II Larson, Population III Salpeter, and Population II
Salpeter. For f∗ = 0.3, fesc ∼ 0 for both Salpeter cases. Please see the electronic edition for
a color version of this plot.
– 26 –
Fig. 7.— The fesc for the disk is shown for various values of zf . Shown for a halo with
Pop III stars with a Larson mass spectrum and f∗ = 0.5. Please see the electronic edition
for a color version of this plot.
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Fig. 8.— Top: The fesc needed from a population of galaxies with various values of f∗ to
reionize the universe at z = 7 or 10. If the required fesc lies above 1 (dashed line), the popula-
tion cannot reionize the universe. Bottom: The product fescf∗QLyC/CIGM , which is directly
constrained by reionization. The region above each line has a value of fescf∗QLyC/CIGM
large enough to reionize the universe. Please see the electronic edition for a color version of
this plot.
